processing water (TOPW) contains many complex substances, such as phenols, which could be valorized as a substrate for microalgae biomass culture. The aim of this study was to assess the capability of Nannochloropsis gaditana to grow in TOPW at different concentrations (10-80%) in order to valorize this processing water. Within this range, the highest increment of biomass was determined at percentage of 40% of TOPW, reaching an increment of 0.36 ± 0.05 mg volatile suspended solids (VSS)/L. Components of algal biomass were similar for the experiments at 10-40% of TOPW, where proteins were the major compounds (56-74%). Total phenols were retained in the microalgae biomass (0.020 ± 0.002 g of total phenols/g VSS). Experiments for 80% of TOPW resulted in a low production of microalgae biomass. High organic matter, nitrogen, phosphorus and phenol removal were achieved in all TOPW concentrations. Although high-value products, such as proteins, were obtained and high removal efficiencies of nutrients were determined, microalgae biomass culture should be enhanced to become a suitable integral processing water treatment.
INTRODUCTION
are one of the most traditional fermented vegetable of Mediterranean countries. The world production of table olives has been increasing in recent years. This production is estimated to reach 2,742,500 tons for the 2015/16 season, with 520,000 tons produced in Spain (IOOC, 2016) . Green Spanish style is the most prominent industrial preparation of table olives which reaches 60% of the total Spanish production (Sánchez et al., 2006) . Table olive preparation consists of treating the fruits with a dilute NaOH solution to hydrolyze their natural bitterness (oleuropein), followed by one or two water washings to remove the alkali excess and, finally, a spontaneous lactic acid fermentation in brine. Table olive processing water (TOPW) contains many complex substances and a high organic content, which represent a serious environmental problem in Mediterranean countries (Brenes et al., 1989; Parinos et al., 2007) . The main organic constituents of TOPW are sugars and phenolic compounds, basically, tyrosol, hydroxytyrosol, ferulic acid and caffeic acid; some nitrogenous compounds, organic acids, tannins, pectin and oil residue compounds (Sánchez et al., 2006) . The inorganic fraction consists of both high concentrations of sodium chloride and sodium hydroxide, which are used for olive de-bittering and fermentation, as well as trace amounts of various metals. TOPW phytotoxicity is due to the phenolic substances, which confer a sharp characteristic odor and make TOPW toxic and resistant to biodegradation (Ayed et al., 2015) .
Some species of microalgae show a remarkable degree of adaptation to a variety of phenols and high salt concentrations (Kaçka and Dönmez, 2008) . These microalgae could grow in e.g. wastewaters derived from brine of table olives, reducing the need for fresh water and underlining the necessity for very low-cost culture systems.
Assimilating nutrients and polluting compounds from wastewaters through photosynthesis produce dissolved oxygen that might be used by bacteria to further oxidize organic wastes (Montingelli et al., 2015) . The subsequent harvest of the algal biomass permits the recovering of nutrients and valuable compounds from the wastewater, which can be used as substrates for different valorization processes such as biofuel production or high-value compound production. Wang et al. (2010) demonstrated this concept by testing the cultivation of green algae Chlorella sp. in municipal wastewaters from different process treatment stages. The results showed that growing algae in concentrated wastewater, which is the wastewater generated in the sludge centrifuge, has a potential in terms of both nutrient removal and biomass cultivation for biofuel production.
Microalgae have been proposed as protein sources and procedures for protein isolation have been developed for protein-producing microalgae (Gerde et al., 2013) . In addition, microalgae are important sources of bioactive natural substances, such as long-chain polyunsaturated fatty acids, carotenoids and tocopherols, which can be utilized in the food industry for the development of functional foods, which provide health benefits. Nannochloropsis gaditana is a microalga belonging to the class Eustigmatophycea and is characterized by its high capacity to accumulate proteins and lipids, between 65% and 70% (dry basis) (Gerde et al., 2013; Millao and Uquiche, 2016) and carotenoid pigments, including astaxanthin, β-carotene, canthaxanthin, neoxanthin, violaxanthin and zeaxanthin. Carotenoids are particularly used as functional additives given their antioxidant activity, nutritional activity as provitamin A and as food colorants. Tocopherols are antioxidants that have a protective effect against the oxidation of unsaturated lipids. These natural compounds may be used in nutraceutical applications and in the development of functional products. In addition, N. gaditana has shown high biomass productivity compared to other screened microalgae such as Scenedesmus quadricauda or Chlamydomonas reinhardtii, under autotrophic conditions (Sforza et al., 2010) .
The aim of this study was to assess the capability of N. gaditana to grow in TOPW at different concentrations. The contents of total phenols, proteins, lipids and total carbohydrates were determined in the microalgal biomass after the growth period with a view to its recovery and valorization. The degradation of organic matter was also evaluated in each case studied on the basis of total organic carbon removal efficiency. Finally, the biomass specific growth rate was obtained by using a first-order kinetic model.
MATERIAL AND METHODS

Microalgae, synthetic medium and table olive processing water used
A N. gaditana strain was obtained from the University of Huelva (Spain). A stock culture of N. gaditana was maintained photoautotrophically in an 8.0-L glass bottle, containing 5.0-L of culture, by addition of a synthetic medium. Growth conditions were maintained at an aeration rate of 0.5 L/(L·min) under solar light of 4.6 µmol photons/(m 2 ·s) and at a temperature of 25 ± 2 °C.
An f/2 medium for marine algae was used as synthetic medium. The composition of the f/2 medium is described in Table 1 (Guillard and Ryther, 1962; Guillard, 1975) . For the preparation of the synthetic medium, sodium nitrate was adjusted to 13.2 mM and the phosphate source was adjusted to 0.7 mM. 
Experimental procedure
To prepare the culture medium, TOPW and the components of the synthetic medium, except the vitamins, were sterilized in an autoclave at 121 °C, 1.1 bars during 15 min (RAYPA Series AES, Barcelona, Spain). Sterilization was carried out in order to minimize interferences in the microalgae biomass growth from microorganisms presented in the resulting media.
Growth experiments were done in 1.0-Lglass bottles in duplicate. The culture media for the growth experiments were different mixtures of synthetic medium and TOPW. The proportion of TOPW in the culture medium was increased at different percentages 10, 20, 40 and 80%, v/v. Growth experiments were inoculated with the solid fraction that remained after the centrifugation of 100 mL of stock culture at 4000 rpm for 15 min. Subsequently, growth experiments were carried out in the resulting medium for 15 days, at an aeration rate of 0.5 L/ (L·min), under solar light of 4.6 µmol/ (m 2 ·s) and at a temperature of 25 ± 2 °C.
Analytical procedures
Chemical analyses were used for the characterization of synthetic medium, the TOPW as well as for the effluents from each microalgae culture test at the end of the process. The concentration of volatile solids (VS; g/L), conductivity (mS/cm) and pH were carried out according to the recommendations of the Standard Methods of APHA (2005). Additionally, volatile suspended solid concentration (VSS; g/L) was also estimated through the turbidity by measuring the absorbance at 750 nm (Genesys 10 VIS spectrophotometer, Thermo Scientific, Horshman, England). Additionally, total soluble organic carbon (TOC; mg/L) and total soluble nitrogen (TN, mg/L) were determined from the soluble fraction using a Rosemount analytical Dohrmann DC-190 carbon analyzer. The TOC analyzer was calibrated with a standard solution of potassium phthalate prior to the TOC analyses. Total phenol concentration was quantified by spectrophotometry with the Folin-Ciocalteau method (García et al. 2016) .
For microalgae biomass, concentrations of total phenols, proteins, lipids and total carbohydrates were determined. Determinations were carried out after an ultrasound pre-treatment in order to liberate the compounds inside the cell wall and allow a correct quantification. The ultrasound pretreatment was carried out at 200 W and 24 kHz for 20 min (UP200S ultrasonic processor, Hielscher, Germany). Samples were placed in an ice-water bath during the pre-treatment to keep the sample at a temperature lower than the boiling point and to avoid significant loss of organic matter. Total phenol concentration was also quantified through the Folin method (García et al. 2016) .
The concentration of proteins in the microalgae biomass was measured in accordance to Lowry et al. (1951) . 0.1 mL of sample and 0.3 mL of distilled water were added to a glass tube. To each tube, 0.4 mL of NaOH 1 N were added. Subsequently, the samples were incubated at 100 °C in a thermostat dry-block for 10 min (P Selecta multiplaces, Barcelona, Spain), and cooled for 5 min in a water bath at room temperature. Next, 2 mL of cupric ion solution and 0.4 mL of 50% (w/v) Folin-Ciocalteau reactive were added to each tube. After 30 minutes in the dark, the optical density at 750 nm was read in a glass cuvette against a reference tube with 0.4 mL water as sample. The amount of proteins was determined by a standard curve based on the albumin concentration. Lipid concentration was determined according to Wang et al. (2009) . 0.2 mL of sample was added to a glass tube with a stopper. To each tube, 2 mL of sulfuric acid 18 M were added. The tubes were incubated at 100 °C in a thermostat dry-block for 10 min, and cooled for 5 min in a water bath at room temperature. Next, 5 mL of phosphoric acid-vanillin reagent was added to each tube and incubated at 37 °C for 15 min. To prepare the phosphoric acidvanillin reagent, 1.2 g of vanillin was added to 200 mL of distillate water, and the volume adjusted to 1 L with 85% phosphoric acid. The tubes were then cooled for 10 min in a water bath at room temperature. The optical density at 530 nm was read in a glass cuvette against a reference tube with 0.2 mL water as sample. A reference curve was obtained by plotting absorbance against the corresponding lipid concentration ranging from 0.1 to 1.4 g/L as determined by the conventional gravimetric method.
A total carbohydrate analysis was made according to the colorimetric method described by Bellou and Aggelis (2013) . 0.1 mL of sample was mixed with 1 mL of 5% (w/v) phenol solution and, subsequently, 2.5 mL of sulfuric acid (95-98%) were added. After incubation at room temperature in the dark for 30 min, optical density was determined at 470 nm using a UV/Vis spectrophotometer (DU 730, Beckman Coulter, USA). The total carbohydrate amount was determined by a standard curve based on glucose concentration.
Data fi tting
A First-Order exponential model (FO) was applied to fit the experimental data of the biomass concentration through the turbidity (g VSS/L) against the experimental time (eq. 1). The application of the FO model was previously reported for N. salina culture by Sforza et al. (2010) , and is defined by the equation:
Where C (g VSS/L) is the partial concentration of biomass, C 0 (g VSS/L) is the initial concentration of biomass, C max (g VSS/L) is the maximum concentration of biomass,
) is the specific growth rate and t (d) is the time.
Software
Sigma-Plot software (version 11.0) and Microsoft Excel 2010 were used to create graphs, perform the statistical analysis (mean values and standard deviations) and fit the experimental data to the tendency lines presented in this work.
RESULTS AND DISCUSSION
Microalgae growth in table olive processing water
The suitability of the TOPW as substrate for growing N. gaditana was evaluated through the variations in turbidity and VSS after the 15-day culture period (Figure 1) . The initial algal biomass concentration was similar for the different growth experiments, with a mean value of turbidity of 0.72 ± 0.20 g VSS/L. According to Figure 1 , N. gaditana has grow in a medium enriched with TOPW at percentages from 10 up to 40%, with a mean value of increase of 0.32 ± 0.03 g VSS/L. Within this range, the highest increment of turbidity was determined at a percentage of 40% of TOPW, reaching an increment of up to 0.36 ± 0.05 g VSS/L; i.e. an algal biomass concentration of 0.44 ± 0.06 g VSS/L at the end of the culture period. 80% of TOPW in the culture mixture entailed a poor growth of algal biomass, reaching a value of turbidity of 0.19 ± 0.30 g VSS/L, around 43% lower than the value described for 40% of TOPW (Figure 1) . A maximum algal biomass concentration of 0.72 g VSS/L was recently reported for N. Salina in 22 g sterilized sea salts per L solution enriched with f/2 Guillard (Sforza et al., 2012) . The reduction of this difference and an improvement in the algal biomass concentration could be reached by the employment of microalgae adapted to the specific conditions of TOPW or by promoting the formation of consortiums with other microalgae or bacteria species. An adaptation process could also entail an increment in (Figure 1) , although a high difference at 80% TOPW was found. This difference could be explained by a marked growth of bacteria in relation to the growth of N. gaditana at 80% TOPW.
Microalgae composition and recovery potential
The valorization of the obtained microalgae biomass depends on the concentration of proteins, total carbohydrates and lipids, which are determined from the most recommended valorization process. These principal compound groups were quantified in the microalgae biomass at the end of each growth experiment. Figure 2 shows the content of proteins, total carbohydrates and lipids per gram of VSS at the different percentages of TOPW used. Proteins were the major compounds; they represented between 56-74% of the total content, with much higher percentage than those obtained for lipids and total carbohydrates (Figure 2 ). In the growth experiments at 20% of TOPW, the highest content of proteins was reached, i.e. 0.73 g of proteins/g VSS. Interestingly, the production of proteins per litre of growth culture was very similar for the experiments at between 10% and 40% of TOPW with a mean value of 0.19 ± 0.03 g of proteins/L. The productions at 0% and 80% of TOPW were 0.07 ± 0.01 g of proteins/L, around 64% lower than those achieved in the above range of TOPW percentages. Lipid and total carbohydrate concentrations were very similar at the different TOPW proportions with mean values of 0.15 ± 0.04 g/g VSS and 0.14 ± 0.06 g/g VSS, respectively.
Phenols are other valuable compounds present in the TOPW whose retention by the microalgae biomass could help its valorization. Figure 3 shows the total phenol content per gram of microalgal VSS at the different percentages of TOPW in the growth experiments. Total phenol contents in microalgal biomass reached very similar concentrations for the experiments at 10-40% of TOPW with a mean value of 0.020 ± 0.002 g of total phenols/g VSS (Figure 3) . Increasing the TOPW percentage in the growth experiment up to 80% entailed a marked decrease in the retention of the total phenols by the microalgae biomass, reaching a value of 0.009 ± 0.001 g of total phenols/g VSS, around 54% lower. Therefore, in the studied conditions, 40% of TOPW could be considered as the most interesting percentage of mixture to be treated given that it allows for the treatment of the highest percentage of TOPW without decreasing the concentrations of valuable compounds and microalgae biomass.
Microalgae as water treatment for nutrient removal
The use of TOPW to grow microalgae biomass also implies the decrease of nutrient concentrations in the TOPW, which can be seen as a process water treatment. Table 3 shows the concentration of TN, phosphate, TOC and total phenols in the growth medium at the beginning and the end of the 15-day experimental time. As can be seen, the concentration at day 0 of TN, TOC and total phenols in the growth medium strongly depended on the TOPW percentage, which presented a low concentration of TN but contributed to the TOC and total phenols. The TN removal efficiency determined at 80% of TOPW was significantly higher than those obtained for the other TOPW percentages, reaching 74% of TN removal. Regardless of the initial TN concentration, the quantity of TN fixed by the microalgae biomass per L of growth culture was similar in all the growth experiments, i.e. around 32 ± 10 mg N/L. TOC removal efficiencies at 20-80% of TOPW were similar, with a mean value of 68 ± 4%. This value was 63% higher compared to removal efficiency determined at 10% of TOPW (Table 3) . Total phenols were effectively removed from the growth medium, even at the highest initial concentration, i.e. 80% of TOPW, which reached a removal efficiency of up to 71%. The phosphate removal efficiencies ranged from 22% to 53%, with the highest value determined at 40% of TOPW (Table 3) . The use of TOPW to grow microalgae biomass presents an interesting option for removing nitrogen, phosphorus, phenols and organic matter from a processing water which is very difficult to be biodegraded, given its high content in toxic compounds. Although high removal efficiencies of nutrients were determined, microalgae biomass culture should be enhanced if it is to become a suitable integral processing water treatment.
Time required to maximize the valorization process
According to previously described results, 40% of TOPW could be considered as the most interesting dilution percentage in the studied conditions. In order to determine the time required to maximize the valorization process, microalgae biomass concentration and composition were monitored versus time throughout the growth experiment at 40% TOPW. Figure 4 shows the turbidity values (g VSS/L) against the culture period (d). The microalgae biomass increased from 0.09 ± 0.01 g VSS/L up to a mean value of 0.42 ± 0.02 g VSS/L at the end of the growth experiments. Although the maximum microalgae biomass concentration was reached after a 13-day period, 51% and 75% of this increase were reached after the 3-day and 8-day periods, respectively. Figure 4 also shows the results of applying a FO model to the experimental data, which presented a good fitting with a value of r 2 of 0.964. The FO model also correctly predicted C max , with a difference between the experimental and the modeled values of lower than 5%. The FO model also includes the specific growth rate, which allows for the evaluation of the kinetics of the process. At the proposed experimental conditions, specific growth rate was found to be 0.16 ± 0.04 d -1
. This value was lower than that obtained by Sforza et al. (2012) ) in sterilized sea salt solutions enriched with a f/2 Guillard solution. The marked difference underlines the process and should be optimized by, for example, adapting microalgae and bacteria consortium to TOPW characteristics.
Microalgae biomass composition remains slightly constant after 6 days with mean values of 0.74 ± 0.04 g/g VSS of proteins, 0.12 ± 0.01 g/g VSS of lipids, 0.02 ± 0.01 g/g VSS of total carbohydrates and 0.03 ± 0.01 g/g VSS of total phenols ( Figure 5 ). Proteins were the main compound group, reaching a concentration of 271 mg of proteins/L of growth medium after an 8-day period. An increase in the growth period entailed a low increase in the protein concentration, which reached a maximum concentration of up to 317 mg of proteins/L of growth medium after a 16-day period; i.e. an increase of 17% by doubling the growth period. Lipids were Culture of microalgae biomass for valorization of table olive processing water • 7 also accumulated in the microalgae biomass by increasing the growth period, reaching a maximum concentration of 44 mg of lipids/L of growth medium after an 8-day period. Total carbohydrates and total phenols remained practically constant throughout the growth period.
CONCLUSIONS
• N.gaditana using TOPW was effectively grown up to a proportion of 40% TOPW. • Proteins were the major compounds in the grown microalgae biomass (56-74%).
• Phenols were retained in the microalgae biomass up to a mean concentration of 0.020 ± 0.002 g of total phenols/g VSS. • Efficiency of phenol removal was very high, reaching a value up to 81% in 40% TOPW experiments.
• Experiments of 80% TOPW resulted in a low production of biomass and valuable products. 
